Glycerol kinase (GK) is an enzyme with diverse (moonlighting) cellular functions. GK overexpression affects central metabolic fluxes substantially; therefore, to elucidate the mechanism underlying these changes, we employed a systems-level evaluation of GK overexpression in H4IIE rat hepatoma cells. Microarray analysis revealed altered expression of genes in metabolism (central carbon and lipid), which correlated with previous flux analysis, and of genes regulated by the glucocorticoid receptor (GR). Oil Red O staining showed that GK overexpression leads to increased fat storage in H4IIE cells.
Introduction
Glycerol kinase (GK) is a key metabolic enzyme at the interface of carbohydrate and lipid metabolism (Dipple et al., 2001b) . In humans, it has a particularly important role in the liver, where its activity is highest (MacLennan et al., 2006) . Apart from its biochemical (enzymatic, metabolic) function of catalyzing the phosphorylation of glycerol to glycerol-3-phosphate, GK has other protein activities and is therefore, a "moonlighting" protein (Sriram et al., 2005) . For example, in rat liver, GK also functions as the ATP-stimulated translocation promoter (ASTP) and enhances the nuclear binding of the activated glucocorticoid (G)-glucocorticoid receptor (GR) complex (G-GRC) (Okamoto et al., 1984) .
The G-GRC binds to glucocorticoid response elements in the promoters of GR-responsive genes and regulates the expression levels of those genes (Le et al., 2005; Schoneveld et al., 2004) . GK has additional functions including binding to histones (Okamoto et al., 1989) , interacting with porin (voltage-dependent anion channel on the outer surface of the outer mitochondrial membrane) (Ostlund et al., 1983) , and playing a role in apoptosis (MartinezAgosto and McCabe, 2006) . Furthermore, GK has a role in insulin sensitivity as it is overexpressed in response to thiazolidinediones, common drugs to treat type 2 diabetes mellitus (Lee et al., 2005) . The overexpression of GK relieves insulin resistance (Guan et al., 2002; Tordjman et al., 2003) , and a GK missense mutation predisposes individuals to obesity, insulin resistance and type 2 diabetes mellitus (Gaudet et al., 2000) .
GK is the causative gene in glycerol kinase deficiency (GKD), an X-linked, single gene, inborn error of metabolism (Dipple et al., 2001b) . In individuals affected by GKD, no correlation has been found between genotype and clinical phenotype despite extensive studies (Dipple et al., 2001b; Sargent et al., 2000) . We have proposed that the glycerol 4 phosphorylating activity of GK may not, by itself, explain the complexity of GKD (Dipple and McCabe, 2000a; Dipple and McCabe, 2000b; Dipple et al., 2001a; Dipple et al., 2001b) , and therefore, GK's roles in other metabolic pathways and cellular processes (moonlighting activities) need to be examined.
We have previously shown that Gyk (the mouse ortholog of GK) deletion in mice alters gene expression extensively in liver (MacLennan et al., 2006) , brown fat (Rahib et al., 2007) and muscle (Rahib et al., 2009 ). The genes affected included those involved in central carbon metabolism and lipid metabolism, which is expected given GK's enzymatic/biochemical role at the interface of carbohydrate and fat metabolism. However, many other biological groups were significantly altered including insulin signaling, insulin resistance, apoptosis, steroid biosynthesis, and cell cycle arrest (MacLennan et al., 2006; Rahib et al., 2007; Rahib et al., 2009 ). This suggests that the changes seen may be due in part, to GK's moonlighting functions such as its role as ASTP, which has the potential to affect gene expression through the GR. In addition, we have previously demonstrated that GK overexpression globally alters fluxes through central carbon metabolism (Sriram et al., 2008) . Notably, the flux through the oxidative pentose phosphate pathway (oxPPP) in the GK-overexpressing cell lines was two-fold higher than wild type. Since this pathway contributes cytosolic NADPH toward lipogenesis, we hypothesize that GK overexpression leads to higher lipogenic activity.
Therefore, we hypothesize that GK lies in a transcriptional network wherein it is regulated by upstream transcription factors and we hypothesize that GK effects the activities of downstream transcription factors (Fig. 1) . Upstream transcription factors such 5 as hepatocyte nuclear factor (HNF) 4α (Stepanian et al., 2003) , peroxisome proliferatoractivated receptor (PPAR) α (Patsouris et al., 2004) , and PPAR γ co-activator (PGC) 1α (Finck and Kelly, 2006) control the expression of GK. There is evidence that GK, in turn, directly or indirectly effects the expression or activity of downstream transcription factors such as the GR (due to its ASTP role; Okamoto et al., 1993; Okamoto et al., 1989) , HNF 4α, PPAR α, sterol regulatory element binding protein (SREBP) 1a, SREBP 2, and carbohydrate response element binding protein (ChREBP) (MacLennan et al., 2006; Rahib et al., 2007) which regulate their target genes.
To test the above hypotheses, we performed cDNA microarray analysis of GKoverexpressing (GK2) H4IIE and wild type (WT) cell lines. Network analyses included statistical clustering analyses and network component analysis (NCA). The statistical clustering analyses revealed several genes and transcription factors whose expression/activity was affected by GK overexpression. These results supported our previous metabolic flux analyses (Sriram et al., 2008) . We also showed experimentally that GK2 cells stored more fat, which is consistent with GK's role in adipogenesis. NCA, a mathematical technique that interprets microarray data to quantitatively infer hidden transcription factor activities (Galbraith et al., 2006; Liao et al., 2003) , estimated that the activities of at least nine transcription factors were altered by GK overexpression. Of these, the most interesting result was increased activity of the GR, as this is directly related to the ASTP activity of GK. Furthermore, we experimentally verified the NCA results of increased GR transcription factor activity using a dexamethasone (a glucocorticoid agonist) dose response experiment. This experiment demonstrated that the GK-overexpressing cell lines indeed exhibit a higher level of expression of known GR responsive genes. This work 6 furthers our previous studies on GK's central role in metabolism and transcription, and provides insights into the multiple protein functions of this protein as well as a basis for understanding the complexity of the single gene disorder GKD.
Materials and methods

H4IIE cell culture
H4IIE, a rat hepatoma cell line, was obtained from American Type Culture Collection (Manassas, VA). The GK-overexpressing cell line GK2 was derived from this line as previously described (Sriram et al., 2008) . Cells were maintained at 37°C in a humidified atmosphere in culture medium previously described (Sriram et al., 2008) .
Oil Red O staining
For lipid visualization and quantification through Oil Red O staining, the WT and GK2 cells were fixed with 10% formalin, stained with 0.7% Oil Red O solution (Sigma, St.
Louis, MO) and the resulting absorbance at 510 nm was quantified.
RNA isolation and purification
RNA was isolated from the cell lines by using the RNeasy kit (Qiagen, Valencia, CA), purified by using the RNeasy MinElute kit (Qiagen) and DNAse treated (Turbo DNA-free, Ambion, Austin, TX) as per manufacturer's instructions. Total RNA was quantified on a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE). 7 cDNA synthesis, hybridization, and microarray analysis cDNA synthesis and hybridization to the GeneChip rat genome 230 2.0 array (Affymetrix, Santa Clara, CA) were performed as described previously (MacLennan et al., 2006) . This array contained 31042 probesets. Microarray data were analyzed, quantified, and annotated by using the DNA-Chip Analyzer (dChip) software (Li and Wong, 2003) .
Clustering and statistical analyses
We employed principal component analysis (PCA) (an unsupervised learning technique to cluster genes) and supervised hierarchical clustering (Jaluria et al., 2007; Lee et al., 2007) for initial statistical analysis of the microarray data. To perform PCA, the 2902 "most varying probesets" were selected with the following criteria: coefficient of variance between 0.3 and 10.0 and present call > 20%. Supervised hierarchical clustering was performed by filtering out differentially regulated genes that met the following criteria:
fold change > 1.5 between baseline (WT) and experimental (GK2), absolute difference in the expression level between baseline and experimental > 100, p < 0.05, and present call > 20%. Clustering "heat maps" for genes in two biological categories ([a] cellular metabolic processes, and [b] lipid metabolic processes and lipid transport) were then generated using dChip.
p-values of differences between means were determined by the Student's t-test. We determined the false discovery rate (FDR) for false positives by the following two methods and obtained similar results. First, we used a method reported by Giordano et al. (2006) , and we obtained an FDR value of 38% for a p-value cut-off of 0.05. The second approach 8 was using tools publicly available at http://www.rowett.ac.uk/~gwh/fdr.html, and we obtained an FDR value of 29% for a p-value cut-off of 0.05.
Gene expression assay by quantitative RT-PCR
Gene expression was confirmed by quantitative real time PCR (RT-PCR) as described previously (Rahib et al., 2007 ) with β-actin or 18s rRNA (Applied Biosystems, Foster City, CA) used as an endogenous control. Fold changes in mRNA expression were calculated using the 2 -ΔΔCT method (Livak and Schmittgen, 2001; Rahib et al., 2007) .
Network component analysis (NCA)
NCA (Liao et al., 2003) was performed by using the NCA toolbox. To obtain connectivity information between transcription factors and genes for NCA, transcription factors important in rat liver were identified. Relationships between these transcription factors and genes were determined from the literature, on the basis of which an initial connectivity matrix with 14 transcription factors and 62 genes was constructed. The NCA toolbox combined the microarray data and the connectivity information to obtain transcription factor activities and control strengths.
ASTP activity assay (experimental verification of GK's moonlighting activity)
The ASTP activity of GK was assayed by quantifying the gene expression level of known GR-responsive genes phosphoenolpyruvate carboxykinase (PEPCK) and tyrosine aminotransferase (TAT) through quantitative RT-PCR.
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Replicates and statistical analyses
We used two biological replicates for the microarray analysis. Two to four biological replicates, each of which had two to three technical replicates, were used for qPCR and the dexamethasone dosage experiments (to verify the higher moonlighting activity of GK in the GK-overexpressing cells). Statistical analyses (PCA, p-values, false discovery rate) were performed as described above.
Results
To investigate the effects of GK overexpression on gene regulation, we constructed a human GK-overexpressing stable H4IIE rat hepatoma cell line GK2, as described previously (Sriram et al., 2008) . The expression of human GK in the GK2 cells was significantly higher than WT (1.76 ± 0.03 fold, p < 0.01; data not shown), which is consistent with our previous work (Sriram et al., 2008) . We performed microarray analysis and NCA of WT and GK2 cells. This analysis revealed altered expressions of (central carbon and lipid) metabolic genes, which correlated with previous flux analysis, as well as of genes regulated by the glucocorticoid receptor (GR). NCA interpreted the microarray data to infer that GK overexpression alters the activities of the GR and eight other transcription factors. Using a dexamethasone (GR agonist) dose response experiment and quantitative RT-PCR of GRresponsive genes, we experimentally verified the NCA prediction that GK overexpression leads to increased GR activity. Table 1 ). dChip analysis revealed that GK2 cells differ substantially from the WT in two significant biological categories: cellular metabolic processes (Fig. 2a) , and lipid metabolic processes and lipid transport (Fig. 2b) . Additionally, sterol regulatory element binding factor 1 (SREBF) 1, which codes for the lipogenic transcription factor SREBP1 was upregulated in the GK2 cell line. This points to an important role for GK in lipogenesis.
Microarray analysis of WT and GK2 cell lines
Several gene expression levels were consistent with the results of our previous metabolic flux analysis on these cell lines (Sriram et al., 2008) . For instance, genes coding for the anaplerotic enzymes PEPCK1 and malic enzyme (ME) 1 were upregulated 1.29-fold and 1.31-fold respectively, in GK2 cells compared to WT (p < 0.05, Table 1 ). Furthermore, lactate dehydrogenase B was downregulated 32.7-fold, which is consistent with lower lactate production observed in GK2 cells (Sriram et al., 2008) . Glucose-6-phosphate dehydrogenase (G6PDH, which codes for the rate-limiting enzyme of the oxPPP) was 11 upregulated 1.25-fold, which agrees with the higher oxPPP flux observed in GK2 cells (Sriram et al., 2008) .
Several genes that are either classical GR-responsive genes (Mittelstadt and Ashwell, 2003; Schoneveld et al., 2004) or newly elucidated targets of the GR in liver (Phuc Le et al., 2005) were differentially regulated in GK2 cells compared to WT (p < 0.05; Table 1 ). Additionally, insulin signaling-related genes such as IGFBP1 (1.3-fold) and alpha-2-HS-glycoprotein (1.92-fold) were upregulated in GK2 cells.
Verification of gene expression by quantitative RT-PCR
Quantitative RT-PCR verified the expression levels of ten genes that were determined by microarray analysis to be differentially regulated (Fig. 3) , including the upregulated GR-responsive genes IGFBP1, TyrAT, ADH, IDH, and PEPCK1 and the upregulated lipogenic genes PEPCK1, G6PDH, SREBF1, and ME1. The expression levels of all 12 these genes as determined by quantitative RT-PCR were greater in magnitude than those quantified from the microarray, but agreed in direction. The GR-responsive gene GluL was downregulated in GK2 cells according to one probeset on the microarray (1367632_at), and upregulated according to two probesets (1389426_at and 1375569_at). This is most likely due to cross-reactivity of these probesets, as has been observed previously (MacLennan et al., 2006) . Therefore, quantitative RT-PCR established that GluL was downregulated in GK2 cells as indicated by the probeset 1367632_at.
GK-overexpressing cells have higher lipid reserves than wild type
To experimentally verify the role of GK in lipogenesis, Oil Red O staining was performed and revealed that GK2 cells stored more fat and therefore had higher lipid reserves than WT cells (Fig. 4a) . Quantification of the lipid content in the GK2 cells showed that the GK overexpressing cells had almost twice as much fat stored (1.89 ± 0.44 times, p < 0.01, Fig. 4b ), compared to WT.
Network component analysis (NCA)
We used NCA (Galbraith et al., 2006; Liao et al., 2003) to deduce transcription factor activities that were altered by GK overexpression. NCA is a mathematical technique that interprets microarray data to quantitatively calculate transcription factor activity changes hidden in the data. To perform NCA, nine potential transcription factors (SREBP1a, ChREBP, Sp1, HNF1α, HNF4α, PPARα, PPARγ, liver X receptor [LXR]α, CCAATbox/enhancer binding protein [C/EBP]β, , and GR) were identified based on the above results, together with 62 targets of some or all of these transcription factors that were 13 differentially regulated in GK2 cells (filtered as explained in Methods). An initial "connectivity matrix" was constructed from this information and from gene regulation information in the literature (matrix and corresponding literature references are shown in Supplemental Material 3A and 3B). We intended to include five more important transcription factors (SREBP1c, SREBP2, Zhx2, GADD153, and PPARγ) but had to delete them from the matrix as they did not satisfy the mathematical criteria required for NCA (Liao et al., 2003) to generate an identifiable network.
NCA deduced that GK overexpression leads to increased activity of several transcription factors including ChREBP, Sp1, HNF1α, HNF4α, PPARα, LXRα, and GR and decreased activity of SREBP1a and CEBPβ (Fig. 5) . Importantly, the NCA results indicated that the activities of both PPARα and GR were higher in GK2 than in WT (p < 0.05; Fig. 5 ).
The entire output of NCA, including the deduced connectivity between transcription factors and genes, is shown in Supplementary Material 4.
These altered transcription factor activities resulting from NCA can potentially explain some gene expression trends observed in the microarray data (see Discussion). The activity of SREBP1a was deduced to be lower in GK2 cells compared to WT, contrary to the trend in its gene expression. This surprising result may perhaps reflect the dependence of the (NCA-estimated) transcription factor activity on post-translational events in addition to the mRNA level (MacLennan et al., 2006) . The SREBP1a result illustrates the power of NCA over microarray data analysis programs that do not estimate transcription factor activity.
This result could have been tested experimentally by employing a recently reported SREBP assay (Chatterjee et al., 2009) , which involves the endogenous SREBP-mediated regulation 14 of a promoter that drives a luciferase gene reporter construct. However, for this work, we chose to focus on GR activity because it is directly linked to the moonlighting function of GK, whereas SREBP activity is not. Therefore, we experimentally verified the NCA deduction that GR activity in GK-overexpressing cells is higher (as explained below).
Experimental verification of higher GR transcription factor activity in GKoverexpressing cells
To experimentally verify the NCA deduction that the transcription factor activity of the GR was indeed higher in GK2 cells than the wild type, we quantified the expression level of the known GR-responsive gene PEPCK in independent experiments. We exposed WT and GK2 cells to two different doses (200 nM and 500 nM) of the glucocorticoid agonist dexamethasone for two different exposure times (1 h and 2 h).
The dose response curves for 1 h exposure ( Fig. 6a ) and 2 h exposure ( Fig. 6b ) to dexamethasone clearly show that GK2 cells responded to dexamethasone better than WT cells. This verifies that the transcription factor activity of the GR is higher in GK2 cells than in WT. This dose response curve was valid up to 19 h (data not shown).
Furthermore, the effect of dexamethasone addition on GR transcription factor activity in WT cells was mimicked by GK overexpression. Treatment of WT cells with 200 nM dexamethasone for increasing exposure times enhanced the expression of GRresponsive genes TAT and PEPCK in WT cells (Fig. 7) . For a 2 h exposure, the expression of TAT in WT cells was significantly higher (3.47 ± 0.12 times) than that of dexamethasoneuntreated WT cells (p < 0.05; Fig. 7a ). This trend is analogous to the effect of GK overexpression on TAT expression, as the expression level of TAT was 2.82 ± 0.12 times 15 higher in GK2 cells than WT (p < 0.05; Fig. 7a ). Similar results were also observed for the GR-responsive gene PEPCK, in which case WT cells required a 5.5 h dose of 200 nM dexamethasone to significantly increase PEPCK expression (Fig. 7b) . Therefore, GK overexpression mimics the effect of exposure to the glucocorticoid agonist dexamethasone on GR transcriptional activity.
Discussion
GK is an important metabolic enzyme with moonlighting activities and its deletion causes a single gene disorder exhibits several complexities (Dipple and McCabe, 2000a; Dipple and McCabe, 2000b; Dipple et al., 2001a; Dipple et al., 2001b) . A fundamental understanding of GK's role in mammalian cells requires understanding its moonlighting activities and therefore requires a systems biology approach. Previously we used isotopeassisted metabolic flux analysis (Sriram et al., 2004) to demonstrate, that GK overexpression in rat liver cells substantially alters fluxes in central carbon metabolism (Sriram et al., 2008) , particularly in the oxPPP, suggesting increased lipogenesis. In this work, we performed microarray analysis and NCA to study how GK overexpression affects gene expression and transcription factor activity. The current study not only substantiated our previous metabolic flux study, but also indicated a role for GK's moonlighting (ASTP) activity in transcription. Furthermore, we observed altered expressions of many metabolic genes (G6PDH, lactate dehydrogenase B, IDH, PEPCK1, ME1) in GK-overexpressing cells.
This substantiates our previous study on metabolic flux alterations caused by GK overexpression (Sriram et al., 2008) and suggests that the metabolic flux patterns observed in our previous work are due, at least in part, to transcriptional regulation of the relevant genes. Our observation of differential expression of genes involved in metabolism, lipid 16 metabolism and insulin signaling genes in GK-overexpressing cells is consistent with our previous studies on GK-deleted mice (MacLennan et al., 2006; Rahib et al., 2007; Rahib et al., 2009) . We also observed evidence of increased lipid synthesis in GK2 cells as determined by Oil Red O staining, which substantiates our earlier hypothesis (Sriram et al., 2008 ) that the increased oxPPP flux in GK-overexpressing cells contributes cytosolic NADPH toward lipogenesis.
Many GR-responsive genes were also differentially expressed in GK2 cells. NCA estimated that at least nine transcription factor activities, including that of the GR, were altered by GK overexpression. These results substantiate the use of systems techniques such as NCA to interpret high-throughput microarray data and quantify transcription factor activities hidden in the data. First, the increased transcription activity of the GR in GK2 cells is ambiguous from the microarray results since genes known to be positively regulated by the GR were both upregulated (e.g. PEPCK, TAT, ADH) and downregulated (GluL) in the microarray. This is not surprising, since transcription factors other than the GR could also regulate these genes and the overall gene expression is due to the net influence of all the relevant transcription factors. Therefore, NCA performed an important role in decoupling the effects of competing transcription factors that regulated the differentially expressed genes. In addition, this work confirms the moonlighting ASTP activity (Okamoto et al., 1993; Okamoto et al., 1989; Sriram et al., 2005) of GK. Second, the activity of SREBP1a was estimated to be lower in GK2 cells than in WT, contrary to its gene expression. This could be ascribed to transcription factor activity being regulated at the post-translational level (MacLennan et al., 2006) , but it would not have been revealed without the use of NCA.
NCA deduced that GK overexpression results in increased transcription factor activity of PPARα. This may explain the increased oxPPP flux due to GK overexpression (Sriram et al., 2008) , as PPARα is an important transcription factor for G6PDH, the gene coding for the rate limiting enzyme of the oxPPP (Xu et al., 2004) . The increased transcription factor activity of the GR due to GK overexpression was an interesting result, as GK facilitates the nuclear translocation of the GR in its moonlighting role as ASTP. We experimentally verified this NCA result by measuring GR transcription factor activity via the expression of its target gene PEPCK. We also verified that GK overexpression mimics the effect of the glucocorticoid agonist dexamethasone on GR transcription factor activity.
To the extent of our knowledge, this is the first work where a deduction of NCA has been experimentally verified in a mammalian system.
Conclusions and summary
This study confirms our previous metabolic flux analysis elucidating GK's role in central metabolism. In addition, we have confirmed GK's role in the transcription of GRresponsive genes. GK overexpression in rat hepatoma cells causes increased lipid storage and increased expression of genes important in lipogenesis, which was hypothesized by us previously (Sriram et al., 2008) and this may be related to GK's role in diabetes and insulin sensitivity. GK overexpression also causes increased GR transcription factor activity, which is directly related to GK's moonlighting role as ASTP (Okamoto et al., 1993; Okamoto et al., 1984 ) (Sriram et al., 2005 . Together with our previous metabolomic study (Sriram et al., 2008) , this transcriptomic study with experimental verification provides an improved understanding of GK's regulatory role and provides insight into the pathogenesis of GKD.
In addition, this work shows the importance of understanding the moonlighting functions NCA for the two biological replicates of line GK2, and the block B10-J61 contains connectivity strengths (also deduced by NCA) between the transcription factors listed in B2-J2 and the genes listed in A10-A61. We multiplied the entire NCA-deduced column for each transcription factor (that contains the activity of and all connectivity strengths corresponding to the transcription factor) by an appropriate sign (either -1 or +1). This multiplication was necessary because the NCA decomposition is unique up to a scaling factor and the decomposition algorithm does not directly determine the signs of the transcription factor activities and connectivity strengths that it calculates (Liao et al., 2003) . This sign has to be determined on the basis of experimentally determined connectivity directions (up-or down-regulation) between that transcription factor and one or more of its genes. As an illustration, in case of PPARα there is experimental evidence in Tamura et al. (2006) that PPARα negatively regulates the genes cadherin 17; procollagen, type III, alpha 1; and procollagen, type V, alpha 2 (Tamura et al., 2006) . However, the initial NCA output (column G) shows positive signs for the connectivity strengths between PPARα and all these three genes; therefore, the entire PPARα column (transcription factor activities and connectivity strengths; column G) should be multiplied by -1 to be consistent with experimental connectivity evidence in Tamura 
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